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Abstract 
Complex polymers have multiple distributions with respect to molecular weight, 
chemical composition, functionality as well as molecular topology and architecture. 
Moreover, these distributions affect polymer properties thus making it necessary to 
develop fractionation techniques capable of providing comprehensive information 
regarding these distributions. As a result, field-flow fractionation (FFF) has emerged 
as a main stream fractionation technique for the characterisation of complex 
macromolecular, colloidal and particulate materials as it has significant advantages 
over current column-based techniques. Of the various FFF subtechniques, thermal 
field-flow fractionation (ThFFF) shows sensitivity towards chemical composition and 
as such has successfully been applied to address the analytical challenges 
associated with chemical composition determination. 
The work presented in this study demonstrates that the separation capabilities of 
ThFFF are not limited to size and chemical composition, but can also be extended to 
include microstructure-based separations. It is further demonstrated that ThFFF is 
currently the only fractionation technique capable of separating dynamic polymer 
self-assemblies (such as micelles) according to corona microstructure while 
simultaneously providing information regarding shape, aggregation number, 
diffusion, thermal diffusion and Soret coefficients as well as size, molecular weight, 
chemical composition and their respective distributions. Moreover, the determination 
of chemical composition distributions was accomplished by a novel approach 
coupling ThFFF to FTIR via a LC-Transform interface. 
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Opsomming 
Komplekse polimere het verskeie verspreidings ten opsigte van molekulêre 
eienskappe, soos molekulêre massa, funksionaliteit, chemiese samestelling, 
mikrostruktuur, molekulêre argitektuur en molekulêre topologie. Hierdie 
verspreidings kan die toepassings van polimere direk beinvloed en dus is dit nodig 
om fraksioneringstegnieke te ontwikkel wat ‘n omvattende beeld van hierdie 
verspreidings kan lewer. As ‘n gevolg het veldvloeifraksionering (FFF) as ‘n 
hoofstroom polimeerkarakteriseringstegniek ontwikkel vir die analiese van 
makromolekulêre en partikulêre materiale omdat dit verskeie voordele het bo huidige 
metodes. Termiese veldvloeifraksionering (ThFFF) is n fraksioneringstegniek wat 
sensitief is vir die chemiese samestelling van polimeriese materiale en as sulks word 
dit gebruik om die uitdagings wat verband het met die bepaling van chemiese 
samestellings, aan te pak. 
Die werk wat hier beskryf word bewys dat die fraksioneringsvermoë van ThFFF is 
nie net beperk tot molekulêre groote en chemiese samestelling nie, maar dat dit ook 
mikrostruktuur insluit. Dit word ook gewys dat ThFFF is huidiglik die enigste 
fraksioneringstegniek wat die form, saampakgetal, diffusie, termies diffusie en Soret 
koëffisiënte asook molekulêre groote, molekulêre massa en chemiese samestelling 
verspreidings van micelles kan bepaal terwyl dit die hulle skei volgens chemiese 
samestelling. Die bepaling van chemiese samestelling verspreidings word gedoen 
deur n nuwe metode wat ThFFF koppel met FTIR deur gebruik te maak van n LC-
Transform apparaat. 
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Chapter 1 
Introduction and Objectives 
1.1 Introduction 
The high demand for new materials with improved performance and tailored 
properties is one of the major driving forces behind the development of novel and 
complex synthetic polymers. Polymers are highly complex multicomponent materials 
which have various distributions in properties such as molecular weight (chain 
length), chemical composition, microstructure as well as molecular architecture and 
topology.[1,2] As property distributions can significantly influence applications, proper 
monitoring and characterisation of these distributions is needed in order to improve 
polymer performance.[1,2] In order to determine the various distributions, separation is 
required. Thus, for complex polymers separation according to molecular weight as 
well as according to composition and microstructure is essential.[2] 
Polymer microstructure can greatly influence properties such as glass transition 
temperature, viscosity, solubility as well as mechanical and viscoelastic properties.[3–
5] However, separating polymers according to chemical composition and 
microstructure is challenging with traditional column-based techniques and although 
separation of polymers regarding different molecular parameters has been 
accomplished by techniques such as size exclusion chromatography (SEC) and 
liquid chromatography at critical conditions (LCCC), SEC separates according to 
hydrodynamic size in solution which is mainly determined by polymer chain length.[6–
8] The effect of different microstructures on size is rather small and, therefore, SEC is 
not suitable for the separation of polymers based on microstructure. Furthermore, 
while the separation of polymers according to chemical composition and 
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microstructure is feasible by LCCC, optimisation of mobile phase composition and 
column temperature is very tedious and time consuming.[9] In addition to these 
limitations, column-based techniques are further limited in their suitability for the 
characterisation of high molecular weight and fragile analytes as interaction with the 
stationary phase and column frits could cause shear degradation.[10,11] 
Field-Flow Fractionation (FFF) is a family of channel-based fractionation techniques 
that has attracted significant attention for the fractionation and characterisation of 
complex macromolecular, colloidal and particulate materials.[12,13] The open channel 
design makes FFF more suitable for the characterisation of high molecular weight 
and fragile compounds than traditional column-based techniques as the absence of 
a stationary phase significantly reduces shear degradation.[10–12] Additionally, sample 
preparation steps such as filtering, which could affect sample composition, are not 
often required prior to FFF analysis. Of the various FFF subtechniques, thermal field-
flow fractionation (ThFFF) is the best suited method to obtain information regarding 
chemical composition and as such has been applied to the characterisation of a 
variety of analytes including polymer blends, copolymers, colloids and 
aggregates.[12,14–19] More importantly, this sensitivity to composition could potentially 
make ThFFF a suitable technique for microstructure-based fractionation. 
In addition to possessing complex property distributions, polymers also exhibit 
complex behaviours in solution such as the self-assembly of block copolymers into 
various kinds of nanostructures. Moreover, the solution behaviour of block 
copolymers has been at the forefront of the modern nanotechnology revolution.[20] 
The ability of block copolymers to self-assemble into various nanostructures (such as 
micelles) when dissolved in a selective solvent (i.e. a good solvent for one of the 
blocks but a precipitant for the other) has attracted much attention as polymeric 
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micelles provide a versatile platform that can readily be modified for a wide range of 
applications.[20–22] Block copolymer micelles consist of a core formed by the insoluble 
block and a corona formed by the soluble block (Figure 1 A).[23] The critical 
concentration at which the block copolymers start to self-assemble into micelles is 
called the critical micelle concentration, CMC. Below the CMC only molecularly 
dissolved copolymer chains (or unimers) are found whereas above the CMC, 
micelles are in equilibrium with unimers.[22,23] Closely related to the CMC is the 
critical micelle temperature, CMT. The CMT is the temperature above which micelles 
disassemble into unimers due to decreasing solvent selectivity with increasing 
temperature.[23,24] 
Micelles are appealing for applications in fields such as colloid stabilization, 
microreactors, drug delivery and biomedical applications due to their stability, 
versatility and relative ease of preparation.[21–23,25] Micelles consisting of two or more 
different block copolymers and thus mixed compositions (i.e. mixed micelles), have 
attracted significant attention in recent years as a convenient method to improve 
micelle stability and prepare micelles with unique morphologies and properties 
(Figure 1 B).[25,26] Mixed micelles can be formed by either triggering micelle formation 
in the presence of various block copolymers or by the exchange of unimers between 
micelles of different compositions.[25] Moreover, mixed micelles enable the 
incorporation of various functionalities into the system without the synthetic 
challenge of preparing a single copolymer with the desired functionalities.[25] 
However, the successful application of micelles greatly depends on their 
comprehensive characterisation in terms of properties such as size, aggregation 
number, morphology, corona composition and molecular weight.[22,25] Additionally, 
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the distributions of these properties also need to be determined as they significantly 
influence applications.[25,27] 
 
Figure 1. Schematic representations of different types of block copolymer micelles. A) Micelles 
consisting of a single type of block copolymer. B) Mixed micelles consisting of 
different types of block copolymers. 
Micelles are traditionally characterised in terms of size, molecular weight and 
chemical composition by techniques such as electron microscopy (SEM and TEM), 
atomic force microscopy, dynamic and static light scattering, NMR and fluorescence 
spectroscopy.[22,23] However, while microscopy and light scattering techniques are 
suitable to determine particle size and its distribution, these techniques cannot 
directly determine molecular weight, chemical composition or their respective 
distributions.[28] With regards to NMR and fluorescence spectroscopy, although these 
techniques can be used to determine corona composition and number average 
molecular weight, they yield no information regarding composition or molecular 
weight distributions.[26,29,30] Moreover, traditional micelle characterisation techniques 
become less reliable for samples exhibiting complex or multiple size, molecular 
weight or composition distributions.[31] Thus, currently there are no suitable 
techniques which can monitor and characterise micelles in terms of chemical 
composition, size, molecular weight and their respective distributions. Consequently, 
Stellenbosch University  https://scholar.sun.ac.za
Chapter 1: Introduction and Objectives 
5 
 
a single technique that can directly determine these properties and their respective 
distributions is highly desirable.[26,28] 
To address this issue, FFF and SEC have been used to separate and characterise 
micelles. However, SEC showed analyte trapping in the column, disassembly of 
micelles and adsorption on the column packing occurring during analysis.[23,32] On 
the other hand, various FFF subtechniques such as asymmetric flow field-flow 
fractionation (AF4), flow field-flow fractionation (FlFFF) and ThFFF were shown to be 
capable of successfully characterising self-assemblies (such as micelles) in terms of 
size, molecular weight and their respective distributions.[27,33,34] However, although 
FlFFF, AF4 and ThFFF can all separate analytes according to size and determine 
molecular weight and size distributions, only ThFFF can additionally separate 
analytes according to chemical composition. Thus, only ThFFF can potentially be 
applied to separate micelles according to corona composition while simultaneously 
determining size, molecular weight and chemical composition distributions.[12,35,36] 
1.2 Research Hypothesis 
To date it has been shown that ThFFF can separate analytes according to size and 
chemical composition and the question whether separations according to 
microstructure can be achieved, has not yet been addressed. Thus, the subsequent 
questions were posed: 
1) Is ThFFF sensitive towards microstructure, and if so,  
2) Which microstructures (such as tacticity and topology) could be separated? 
ThFFF has the most potential of current fractionation techniques to successfully 
separate polymer self-assemblies according to chemical composition while 
simultaneously providing comprehensive information on shape, aggregation number, 
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diffusion, thermal diffusion and Soret coefficients as well as corona composition, 
size, molecular weight and their respective distributions. Hence, the following 
questions concerning block copolymer micelles were posed: 
1) Does corona microstructure influence micelle stability and retention behaviour 
in ThFFF, and if so, 
2) Is microstructure-based fractionation of block copolymer micelles feasible by 
ThFFF? 
Lastly, the lack of suitable analytical techniques which can monitor and characterise 
the formation of mixed micelles in terms of chemical composition, size, molecular 
weight and their respective distributions posed the following question: 
1) Can ThFFF monitor and characterise the formation of mixed micelles 
according to corona microstructure while simultaneously determining size, 
molecular weight, chemical composition and their respective distributions? 
1.3 Objectives 
This first objective of this study was to determine if the separation capabilities of 
ThFFF are limited to size and chemical composition or if separations based on 
polymer microstructure could be achieved. The sensitivity of ThFFF towards 
microstructure was investigated by the analyses of polymers with similar molecular 
weights but different microstructures including: 
1) 1,4- and 3,4-polyisoprene 
2) 1,4- and 1,2-polybutadiene 
3) Isotactic and syndiotactic poly(methyl methacrylate) 
4) Poly(n-butyl methacrylate) and poly(t-butyl methacrylate) 
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The second objective was divided into two parts. The first part was to determine the 
influence of corona microstructure on the stability and retention behaviour of micelles 
in ThFFF while the second part subsequently investigated the capability of ThFFF to 
separate micelles according to corona composition. The suitability of ThFFF to 
characterise and separate micelles of similar sizes according to corona composition 
was investigated by preparing micelles with similar polystyrene cores but different 
corona compositions such as: 
1) 1,4- and 1,2-polybutadiene  
2) Isotactic and syndiotactic poly(methyl methacrylate) 
The third objective was to subsequently investigate if the unique fractionation 
capabilities of ThFFF could be employed to monitor (in addition to size and 
molecular weight) changes in chemical composition and its distribution during the 
formation of mixed micelles. To this end, mixed micelles were prepared from 
micelles with different corona microstructures while changes in chemical composition 
were monitored by ThFFF coupled to FTIR (via a LC-Transform approach). 
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1.4 Layout of Dissertation 
This dissertation is divided into the following chapters: 
Chapter 1 
A brief introduction to concepts relevant to the study, including the objectives and 
outline of the dissertation are given.  
Chapter 2 
A concise discussion of the historical background and theory related to FFF and 
ThFFF for the molecular characterisation of complex polymers and their self-
assemblies. 
Chapter 3 
The experimental part contains the analysis conditions and instrument parameters 
for all the techniques used as well as micelles preparation methods. 
Chapter 4 
The results of this study, according to the three main objectives of this work are 
presented here in the form of published articles. The first section contains the results 
obtained by ThFFF analysis of polymers with various microstructures. The second 
section shows the results of ThFFF analysis of block copolymer micelles with various 
corona compositions while the third section explains a novel analytical approach 
(ThFFF-FTIR) in which the chemical composition distribution of mixed micelles as a 
function of elution time is determined by coupling FTIR spectroscopy to ThFFF via 
an LC-Transform interface. 
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Chapter 5 
The conclusions of all three sections of this study are summarised and 
recommendations are proposed for future studies within this field of research.  
Chapter 6 
All the bibliographic references relevant to the current dissertation are given here.    
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2 Chapter 2 
Historical and Theoretical Background 
2.1 Field-Flow Fractionation 
Field-Flow Fractionation (FFF) is a family of channel-based fractionation techniques 
that was first introduced in 1966.[37] Since its inception, FFF has been used to 
characterise numerous analytes including nanotubes, bacteria, nanoparticles, whole 
cells, viruses, polymers, liposomes, colloids, polysaccharides, aggregates and 
proteins.[13,18,38–41] The range of possible applications for FFF is enormous. 
FFF is an elution based technique in which separation occurs in a single liquid phase 
where smaller molecules are the first to elute.[12,42] Moreover, FFF also exhibits other 
important characteristics such as low shear rates (ideal for investigating fragile 
species), low sample loss, adjustable selectivity and speed as well as the ability to 
separate analytes according to different physicochemical properties.[12,18,42,43] 
In FFF an external field is applied perpendicular to a carrier liquid flowing through an 
open, thin ribbon-like channel. Due to the high aspect ratio of the channel, a laminar 
parabolic flow velocity profile forms which results in faster flow streams towards the 
centre of the channel and slower streams towards the channel walls.[12,42] Elution 
from the channel is determined by the analyte cloud’s average distance from the 
accumulation wall and thus its position in the flow velocity profile (Figure 2).[18,42]  
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Figure 2. Schematic representation of the FFF separation mechanism. Elution is governed by 
the balance between the field-induced migration (U) of the analytes towards the 
accumulation wall and the diffusion (D) of analytes away from the accumulation wall 
due to a concentration build up. Furthermore, x = 0 represent the accumulation wall 
while x = w is the channel thickness and ℓ1 and ℓ2 are the analyte clouds’ mean layer 
thicknesses. 
Therefore, the further the analyte cloud is from the accumulation wall (faster flow 
streams), the shorter the elution time. The analyte cloud’s average distance from the 
accumulation wall is determined by the balance between the field-induced migration 
of analytes towards the accumulation wall and the diffusion of analytes away from 
this wall due to a concentration build-up.[12] When equilibrium between the two 
transport processes is reached, the analyte concentration, c, exhibits an exponential 
function of distance, x, from the accumulation wall given by:[12,42,44] 
𝑐 =  𝑐0𝑒𝑥𝑝
(
−𝑥
ℓ
)
  (1) 
where c0 is the analyte concentration at the accumulation wall, x is the distance from 
the accumulation wall and ℓ is the equilibrium mean layer thickness of the analyte 
cloud. Ideally, each analyte will have a unique ℓ value which corresponds to a 
different position in the parabolic flow velocity profile and thus different elution time 
Stellenbosch University  https://scholar.sun.ac.za
Chapter 2: Historical and Theoretical Background 
12 
 
(Figure 2).[12,42] Therefore, separation is achieved when the ℓ values differ for 
different analytes. Furthermore, ℓ can also be expressed as the ratio of diffusion 
coefficient (D) and the field-induced migration, U:[12,42] 
ℓ =  
𝐷
|𝑈|
   (2) 
It can be seen that larger analytes (smaller D values) and/or stronger interaction with 
the applied field (U) result in smaller ℓ values and thus longer elution times. 
Moreover, the relationship between ℓ, elution time (tr) and the force (F) exerted on an 
analyte by the applied field can be approximated by:[12,42] 
𝑡𝑟
𝑡0
=  
𝑤
6ℓ
=  
|𝐹|𝑤
6𝑘𝑇
  (3) 
where t0 is the void time, w is the channel thickness, k is Boltzmann’s constant and T 
is absolute temperature. Assuming that all particles are non-interacting point masses 
and that w >> ℓ, equation 3 shows that F governs both retention and separation as 
differences in the force experienced by analytes will result in roughly proportional 
differences in tr.
[12,42]  
The magnitude of F depends on analyte properties, field strength and the type of 
field employed.[42] Thus, almost any type of field can be applied, provided it interacts 
with some physicochemical property of the analytes to drive them to the 
accumulation wall. This has given rise to multiple techniques within the FFF family of 
which thermal, sedimentation, and cross-flow FFF are the most commonly used FFF 
techniques.[18] 
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2.2 Thermal Field-Flow Fractionation 
ThFFF is the oldest of the FFF subtechniques and utilises a temperature gradient to 
drive analytes to the accumulation wall.[44] The ThFFF setup consists of a ribbon-like 
channel which is clamped between two heat conductive blocks. The temperature of 
one block is controlled by a heating element while the other block’s temperature is 
controlled by circulating chilled water or coolant.[12] Furthermore, ThFFF was 
successfully miniaturised by the introduction of micro-ThFFF.[45] 
ThFFF was originally applied to the characterisation of synthetic polymers in organic 
solvents but has been expanded to nanoparticles in aqueous as well as nonaqueous 
solvent mixtures.[16,46] In ThFFF, the effective driving force is given by:[12,42] 
𝐹 = 𝑘𝑇
𝐷𝑇
𝐷
𝑑𝑇
𝑑𝑥
   (4) 
where DT is the thermal diffusion coefficient and dT/dx is the applied temperature 
gradient (also expressed as ΔT). Substituting equations 3 and 4 yields equation 5 
which shows that tr is proportional to the field strength (ΔT) and the Soret coefficient 
(DT/D). Furthermore, equation 5 also shows that measuring tr yields direct 
information on the Soret coefficient, ST. 
𝑡𝑟
𝑡0
=  
𝐷𝑇 ∆𝑇
6𝐷
   (5) 
When ST is known, then if DT is also known (material constant), D can be calculated 
which yields information on molecular weight (Mw) through the relationship D = 
A(Mw)
-b where A is an experimentally determined proportionality constant and b is 
∼0.6 for a thermodynamically good solvent.[13,47] Alternatively, if D is known (for 
example from FlFFF or SEC), DT can be obtained which can yield information on 
chemical composition.[48,49] Thermal diffusion of macromolecular materials in liquids 
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is still poorly understood and lacks clear theoretical definition to predict elution times 
and directly relate DT to sample composition.
[35,48,50] Despite this, ThFFF has 
successfully been applied for the fractionation and characterisation of various 
polymers and particles in aqueous and organic solvents. Moreover, ThFFF is an 
excellent tool for the study of thermal diffusion of macromolecular materials in 
solution.[12,49] 
Some of the earliest empirical observations regarding DT of homopolymers in various 
organic solvents showed that DT is virtually independent of molecular weight for high 
molecular weight polymers but strongly dependent on the chemical composition of 
both the polymer and solvent.[51] The analysis of polystyrene–polyisoprene diblock 
copolymers and polystyrene–poly(methyl methacrylate) random copolymers showed 
that DT varies linearly with the mole fraction of one of the constituent homopolymers 
in a thermodynamically good solvent. [52–54] In contrast, for block copolymers which 
segregate in a selective solvent, DT is governed by monomers located at the surface 
of the solvated macromolecule.[52–54] Furthermore, it was later shown that, in addition 
to composition, DT is also influenced by factors such as solvent viscosity and 
polymer chain stiffness.[51,55,56] 
The sensitivity of DT towards chemical composition has made ThFFF a powerful 
technique to address the analytical challenges associated with polymer and 
nanoparticle composition. ThFFF has been successfully used for the characterisation 
of various homopolymers, polymer blends, copolymers, gel containing samples, 
particles and aggregates.[15,16,19,33,52,57–62] The capabilities of ThFFF to separate 
homopolymers according to chemical composition was demonstrated early on by the 
analysis of various polymers and polymer blends such as polystyrene, polyisoprene, 
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polybutadiene, poly(methyl methacrylate), poly(dimethylsiloxane), poly(α-
methylstyrene) and poly(vinyl acetate).[17,47,48,61] 
With regards to block copolymers, ThFFF was used to characterise a polystyrene-
poly(t-butyl acrylate)-poly(methyl methacrylate) triblock copolymer according to 
composition and yield information about impurities.[63] Moreover, separate studies 
that coupled ThFFF online to NMR in order to separate and characterise tri- and 
diblock copolymers, further highlighted ThFFF’s promising abilities to separate 
polymers according to composition and determine trends in composition 
distributions.[14,64] The first study characterised a polystyrene-b-poly(methyl 
methacrylate) diblock copolymer (and its constituent homopolymers) while the 
second study characterised triblock copolymers consisting of polybutadiene, poly(2-
vinylpyridine) and poly(t-butyl methacrylate) blocks to determine trends in 
composition and molecular weight distributions.[14,64] NMR provided an independent 
measurement of copolymer composition and confirmed compositional fractionation 
by ThFFF. Furthermore, analysis of polystyrene–poly(n-butyl acrylate) and 
polystyrene–poly(methyl acrylate) copolymers showed that ThFFF can be used to 
evaluate a copolymer’s composition by its DT value, provided D is measured 
independently.[57] However, although ThFFF has successfully addressed various 
challenges regarding polymer composition, the suitability of ThFFF for 
microstructure-based separation is still unclear and remains an area of interest.  
In addition to characterising polymers with regards to chemical composition, it was 
demonstrated by the use of DT and ST values that the number of chain ends could 
also be determined by ThFFF.[65] Experimentally measured DT and ST values were 
used in conjunction with theoretical values to construct calibration curves from which 
the numbers of arms of poly(methyl methacrylate) star polymers were determined. 
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This study showed that the determination of chain ends is feasible without the need 
for linear polymer analogues.[65] 
Another very promising application for ThFFF is the characterisation of fragile 
ultrahigh molecular weight and gel/microgel containing samples. ThFFF is well suited 
for such fragile samples as shear degradation is virtually negligible in the open 
channel. The ability of ThFFF to maintain sample integrity was demonstrated by 
reinjecting well-retained fractions of a polymer standard with a molecular weight of 
20 × 106 g mol-1.[11] Furthermore, sample preparation steps (such as filtration) which 
could potentially encourage sample loss or degradation, are not often required prior 
to analysis. As a result, ThFFF was used to separate and characterise polyvinyl 
acetate and solution styrene-butadiene rubber (SSBR) samples containing ultrahigh 
molecular weight polymers and microgels.[17,66] Moreover, determining the 
macrostructure and gel content provided insight into the physical behaviour of 
SSBR.[66]  
The unique separation capabilities of ThFFF have not solely been applied to the 
characterisation of polymers, but they were also broadened to include the 
characterisation of nanoparticles and polymer self-assemblies such as block 
copolymer micelles. It was demonstrated by the composition-based separation of 
various latex, inorganic, metallic and core-shell particles, that ThFFF is sensitive to 
the surface composition of particles.[16] The retention of these particles were found to 
be influenced by several factors including ionic strength, carrier solution composition, 
pH and field strength.[15,67,68] With regards to polymer self-assemblies, the gentle 
separation conditions (which are suitable for fragile compounds) as well as its 
sensitivity to composition should make ThFFF a powerful technique for the 
characterisation of polymeric micelles. Indeed, it was demonstrated that block 
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copolymer micelles with different core compositions could successfully be 
characterised by ThFFF.[33] However, although it was shown that ThFFF separates 
particles according to surface composition, the composition-based separation of 
polymeric micelles (and the subsequent determination of corona composition 
distribution) is still an unexplored area of interest. 
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3 Chapter 3 
Experimental 
3.1 Thermal Field-Flow Fractionation 
The ThFFF system TF2000 (Postnova Analytics, Landsberg, Germany) was coupled 
online to UV (PN 3212 at 254 nm, Postnova Analytics), MALLS (PN 3070, Postnova 
Analytics), dRI (PN 3150, Postnova Analytics) and DLS detectors (Zen 1600, 
Malvern Instruments, Worcestershire, UK). The TF2000 channel had a tip-to-tip 
length of 45.6 cm, breadth of 2 cm, thickness of 127 µm and void volume of 1.14 mL. 
Carrier flow is generated by an isocratic pump (PN 1130, Postnova Analytics) and 
the samples are introduced into the channel via a Rheodyne manual injection valve. 
Unless otherwise stated, the temperature of the cold wall was 25 °C and a constant 
ΔT of 60 degrees was used to achieve fractionation. Furthermore, values for ST were 
calculated as shown in Chapter 2, equation 5, while values for DT were calculated 
from equation 6:  
𝐷𝑇 =  
6𝐷𝑡𝑟
∆𝑇𝑡0
    (6) 
where to is the void time, tr is the elution time of the sample and ∆T is the 
temperature difference between the hot and cold wall. Dh and D values were 
determined by DLS analysis while solvent flow rates were adjusted to meet system 
pressure requirements. Samples were injected through a 100 μL capillary sample 
loop and triplicate analyses of each sample were performed under non-overloading 
sample concentrations.   
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3.2 1H NMR 
The NMR experiments were conducted on a 400 MHz Varian Unity Inova 
spectrometer (Agilent/Varian, Palo Alto, California, USA). The measurements were 
performed with a 5 mm dual broadband pulsed field gradient probe. Two-hundred 
and fifty-six scans using 45° pulses were acquired with an acquisition time of 2.0 s 
and a relaxation delay of 1 s. The polymer samples were fractionated by ThFFF, 
collected in 25 to 30 runs, and evaporated at room temperature. The collected 
fractions were dissolved in 0.7 mL CDCl3 and subsequently analysed. Data were 
processed by use of MestReNova software version 7.1.1. Quantitative information 
obtained from the spectra is accurate within 5 %. 
3.3 Micelle Preparation 
3.3.1 Nanoprecipitation method 
Twenty milligrams of polymer was dissolved in 0.4 mL of acetone. This solution was 
added dropwise to the selective solvent under stirring over 10 min. The solution was 
then further stirred for 30 min and heated to evaporate acetone. 
3.3.2 Cosolvent method 
Thirty two milligrams of polymer was dissolved in 0.6 mL tetrahydrofuran. To the 
solution, 8 mL of selective solvent was added dropwise. After the addition of the 
selective solvent, the solution was then heated to 60 °C for 2h to remove the 
remaining tetrahydrofuran. 
3.4 Analyte Deposition by LC-Transform Interface 
An LC-Transform series model 300 (Lab Connections) was coupled to the ThFFF 
system and the analytes were deposited on a germanium disk rotating at a speed of 
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10° min-1. The disk stage and nozzle temperatures of the LC-Transform were set to 
100 and 85 °C, respectively. 
3.5 FTIR Analyses of the Deposited Analytes  
FTIR analyses were performed on a Thermo Nicolet iS10 Spectrometer (Thermo 
Scientific, Waltham, MA), equipped with the LC-Transform FTIR interface connected 
to a standard transmission baseplate. Spectra were recorded at a resolution of 8 
cm−1 with 16 scans being recorded for each spectrum. Thermo Scientific OMNIC 
software (version 8.1) was used for data collection and processing.  
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4 Chapter 4 
Results and Discussion 
4.1 Separation of Polymers According to Microstructure, Tacticity and 
Molecular Topology. 
The first part of this study describes the separation of various isomers of 
polyisoprene (PI), polybutadiene (PB), poly(methyl methacrylate) (PMMA) and 
poly(butyl methacrylate) (BuMA) according to microstructure, tacticity and molecular 
topology.  
4.1.1 Polyisoprene and Polybutadiene 
G. Greyling, H. Pasch, Macromol. Rapid Commun. 2014, 35, 1846–1851. 
As mobile phase composition and viscosity are important parameters in ThFFF, the 
influence of these parameters on the separation of PI and PB isomers was 
investigated.[51,61] In a first step of the experiments, ThFFF analysis of a number of PI 
and PB samples were conducted in tetrahydrofuran (THF) as mobile phase and the 
results demonstrated that samples with different microstructures elute at distinctly 
different elution times. THF is a low viscosity, thermodynamically good solvent for 
both PI and PB and thus serves as a good starting point for the separation of these 
samples. It was found that the 1,4- and 3,4-PI isomers elute at distinctly different 
elution times of 6.4 and 7.8 min, respectively. Moreover, it was found that the 1,4- 
and 1,2-PB isomers also showed distinct retention behaviours with elution times of 
6.1 and 7.7 min, respectively. The ThFFF data also showed that the ST values of the 
various microstructures are very similar, where the differences in the ST values for 
the PI and PB samples were found to be 0.023 and 0.02, respectively.  
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To determine the influence of solvent viscosity on the separation of the PI and PB 
isomers, cyclohexane (CH) was used as mobile phase. CH is a high viscosity, 
thermodynamically good solvent for both PI and PB. It was found that the 1,4- and 
3,4-PI isomers exhibited longer elution times of 10.9 and 15.0 min, respectively, 
while the 1,4- and 1,2-PB isomers also showed longer elution times of 9.4 and 16.0 
min, respectively, than in THF. When using CH as the mobile phase the differences 
in ST are more pronounced exhibiting values of 0.063 and 0.077 for the PI and PB 
isomers respectively. These increased differences in ST suggest that microstructure-
based separations can be improved when a higher viscosity solvent is used as the 
mobile phase.  
During the study, the samples were also separated with a THF/CH mixture as mobile 
phase. It was found that the mixed solvent system exhibited an intermediate 
viscosity and that the 1,4- and 3,4-PI samples showed elution times of 10.3 and 13.1 
min, respectively, while the 1,4- and 1,2-PB samples showed elution times of 10.1 
and 14.3 min, respectively. Furthermore, the mixed solvent system yielded ST values 
of 0.034 and 0.058 for the PI and PB isomers respectively. Thus, these ST values 
show that the THF/CH mixed solvent system yields a better separation than pure 
THF. 
To further confirm microstructure-based separations, each of the PI and PB samples 
was fractionated by ThFFF (with CH as mobile phase) and the collected fractions 
were analysed by 1H NMR. The NMR data showed an enrichment of the PI isomers 
across the elution profile which correlated with their ThFFF retention behaviours. 
Similar correlations between the NMR and ThFFF data were found for the PB 
isomers. These results demonstrated that, in addition to size and chemical 
composition, ThFFF is capable of fractionating polymers according to microstructure.     
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Moreover, fractionating polymers based on microstructure highlights ThFFF’s 
sensitivity towards subtle differences in molecular structure such as microstructure 
where the only differences between the samples are in the arrangement of the 
monomers in the backbone of the chain. This sensitivity towards subtle differences in 
molecular structure is not observed for column-based techniques such as SEC as 
SEC separates according to hydrodynamic size. The effect of different 
microstructures on size is rather small and, therefore, SEC is not suitable for the 
separation of polymers based on microstructure 
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4.1.2 Isotactic and Syndiotactic Poly(methyl methacrylate) 
G. Greyling, H. Pasch, Anal. Chem. 2015, 87, 3011–3018. 
The investigation into microstructure-based separations was subsequently extended 
to PMMA samples exhibiting different tacticities. By using THF as mobile phase, it 
was shown that isotactic and syndiotactic PMMA exhibit different retention 
behaviours with elution times of 19.4 and 15.7 min, respectively. Since solvent 
viscosity could improve microstructure-based separations, a more viscous solvent 
such as dioxane (DOX) was subsequently used as mobile phase. As expected, it 
was found that viscosity improved the separation. To further explore the influence of 
solvent composition, acetonitrile (ACN) (which is a theta solvent for PMMA) was 
used as mobile phase. It was found that, although DOX yielded the longest elution 
times, ACN yielded the best resolution of isotactic and syndiotactic PMMA. It was 
determined that this interesting phenomenon was due to differences in polymer 
chain stiffness between isotactic and syndiotactic PMMA.  
Chain stiffness played a larger role in fractionating PMMA with the theta solvent as 
mobile phase because PMMA could adopt different size conformations in ACN 
depending on polymer chain stiffness. This was reflected in both D and DT values for 
the samples of different tacticities. The DLS data showed that the D values are larger 
for syndiotactic PMMA than for isotactic PMMA in ACN. Therefore, syndiotactic 
PMMA adopts a smaller conformation in ACN than isotactic PMMA. With regards to 
DT, isotactic PMMA exhibits larger DT values than syndiotactic PMMA which 
indicates differences in chain stiffness.[51,55] These experimental results were also 
confirmed by molecular dynamic calculations and reported Kuhn lengths of 0.47 and 
0.41 nm for isotactic and syndiotactic PMMA, respectively.[69–71] In addition, an 
atactic PMMA sample was also characterised and showed similar retention 
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behaviours to syndiotactic PMMA. From 1H NMR it was determined to mostly consist 
of syndiotactic segments, thus explaining the similar retention behaviours. 
To confirm a microstructure-based separation, an atactic PMMA sample was 
fractionated by ThFFF (with ACN as mobile phase) and the collected fractions were 
analysed by 1H NMR. The NMR results showed an enrichment of isotactic and 
syndiotactic PMMA across the elution profile which corresponds to their ThFFF 
retention behaviours. These results showed that ThFFF can be applied to probe 
polymer chain stiffness and that microstructure-based fractionations can be 
extended to include tacticity. 
Moreover, these results further demonstrate ThFFF’s sensitivity towards subtle 
differences in molecular structure where the only differences between the samples 
are in the relative arrangements of pendent groups along the polymer backbone. 
Traditional column-based techniques (such as SEC) do not exhibit this kind of 
sensitivity to microstructure as it only has a small influence on hydrodynamic size. 
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4.1.3 Poly(n-butyl methacrylate) and Poly(t-butyl methacrylate)  
G. Greyling, H. Pasch, Macromol. Rapid Commun. 2015, 36, 2143-2148 
The final investigation into microstructure-based separations for this study addressed 
the separation of poly(n-butyl methacrylate) (nBuMA) and poly(t-butyl methacrylate)  
(tBuMA) according to the topology of the butyl group. Analysis in THF showed that 
nBuMA and tBuMA exhibit different retention behaviours as they showed elution 
times of 9.3 and 13.9 min, respectively. Moreover, the ThFFF data also showed that 
nBuMA is less rigid than tBuMA, which was confirmed by reported characteristic 
ratios (C∞) of 8.8 and 10.2, respectively.
[72,73] 
It was reported that tBuMA and nBuMA exhibit different Hildebrand solubility 
parameters (δ) of 16.9 and 17.8 MPa1/2, respectively.[74] Therefore, the different δ 
values for tBuMA and nBuMA indicate that the samples exhibit different polarities. 
Thus, the retention behaviours in ThFFF could be influenced by solvent polarity 
rather than solvent viscosity. Consequently, solvents of various polarities and 
viscosities such as cyclohexane (CH), dichloromethane (DCM), tetrahydrofuran 
(THF), methyl ethyl ketone (MEK), dioxane (DOX) and dimethylformamide (DMF) 
were used to determine the effect of solvent polarity on the separation of nBuMA and 
tBuMA. It was demonstrated that the separation improves in order of DCM-THF-
MEK-DOX-DMF which showed increasing differences in elution times of 3.2, 4.5, 
5.1, 6.3 and 7.2 min, respectively. This trend showed that solvent polarity can 
influence polymer retention behaviour to a greater extent than solvent viscosity as 
DMF (0.8 cP), which has a lower viscosity than DOX (1.2 cP) yields an improved 
separation. The same is true for the lower viscosity solvents where MEK (0.38 cP), 
which has a lower viscosity than THF (0.46 cP), yields an improved separation.  
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Of the various solvents it was found that CH shows the greatest fractionation power 
which is due to CH being a theta solvent for tBuMA but not nBuMA. Thus, the 
greater fractionating power of CH was found due to tBuMA experiencing enhanced 
retention in a theta solvent while, at the same time, nBuMA experiences normal 
retention in a thermodynamically good solvent. Furthermore, it was also shown that, 
unlike stereoregular PMMA, isotactic and syndiotactic poly(t-butyl methacrylate) are 
not separated in ThFFF.  
These results demonstrated that ThFFF can successfully separate polymers based 
on molecular topology. Moreover, it was also shown that solvent polarity can have a 
significant influence on retention behaviour. 
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4.2 Fractionation of Micelles According to Corona Composition 
G. Greyling, H. Pasch, J. Chromatogr. A 2015, 1414, 163–172. 
The second part of this study describes the characterisation and separation of 
poly(methyl methacrylate)-polystyrene (PMMA-PS) micelles with isotactic and 
syndiotactic coronas according to corona composition. 
PMMA-PS micelles with isotactic (iPMMA-PS) and syndiotactic (sPMMA-PS) 
coronas were prepared in ACN by both the co-solvent and nanoprecipitation 
methods. As expected, the tacticity of the corona influenced the critical micelle 
concentration (CMC) values whereas the preparation method was found to have no 
significant influence on the CMC values. Similar results were reported for amphiphilic 
poly(lactic acid)-block-poly(ethylene glycol) copolymers.[75] Moreover, it was found 
that the sPMMA-PS micelles exhibited lower CMC values than the iPMMA-PS 
micelles. The lower CMC values for the sPMMA-PS micelles were attributed to the 
more flexible syndiotactic PMMA blocks which could pack together in the corona 
more easily than the less flexible isotactic PMMA blocks and, therefore, form 
micelles at lower concentrations. In contrast to the CMC, the critical micelle 
temperature (CMT) was found to remain unaffected by the microstructure of the 
corona. 
During the study, several ThFFF conditions using increasing temperature gradients 
were selected for the characterisation of micelles. The ThFFF conditions were 
chosen such that the micelles would experience increased retention while remaining 
intact up to temperature gradient of ΔT = 25 degrees. It was found that not all the 
micelles remained intact at a temperature gradient of ΔT = 30 degrees. 
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It was demonstrated that ThFFF can successfully characterise micelles by 
simultaneously determining important micelle characteristics such as size, shape, 
aggregation number, diffusion, thermal diffusion and Soret coefficients as a function 
of temperature, from a single injection. Furthermore, ThFFF was able to yield 
valuable information regarding size distributions and morphology changes as a 
function of temperature which is not possible by other techniques. With regards to 
thermal diffusion of micelles, it was also found that micelles exhibit an unique 
decreasing trend in DT which is not observed for either high molecular weight 
polymers or aggregates and that this trend is independent of the microstructure of 
the corona and the preparation method. 
Upon comparing the ThFFF data of the sPMMA-PS and iPMMA-PS micelles it was 
found that the various micelles exhibited different ST values at each analysis 
condition. A difference in ST is indicative of a possible separation. Moreover, such a 
separation would be due to corona composition as the micelles exhibited similar 
sizes. Superimposing the fractograms of the various micelles revealed that a 
separation based on corona composition could potentially be achieved with 
temperature gradients up to ΔT = 20 degrees.  
However, a separation could not be experimentally achieved as the micelles 
aggregated upon mixing due to stereocomplexation of the PMMA coronas in ACN.[76] 
Although a separation according to corona composition could not be demonstrated 
for PMMA-PS micelles in ACN, it was demonstrated that ThFFF is a powerful tool to 
study and characterise dynamic self-assemblies (such as micelles) with different 
compositions. 
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4.3 Characterisation of Mixed Micelle Formation 
G. Greyling, H. Pasch, Angew. Chemie Int. Ed. 2015, Submitted. 
The third part of this study describes the characterisation and separation of 
polybutadiene-polystyrene (PB-PS) micelles with 1,2-polybutadiene and 1,4-
polybutadiene coronas according to corona composition as well as the 
characterisation of mixed micelles formation in terms of size, molecular weight and 
composition. 
PB-PS micelles with 1,2-polybutadiene (1,2 PB-PS) and 1,4-polybutadiene (1,4 PB-
PS) coronas were prepared in heptane. The various PB-PS micelles were each 
characterised by ThFFF under similar conditions of increasing temperature gradient 
used for the PMMA-PS micelles. When the ThFFF data of the various PB-PS 
micelles were compared, it was found that a separation according to corona 
composition could be possible. Thus, in order to determine if the micelles could be 
separated, a 1:1 blend of the 1,4 and 1,2 PB-PS micelles was analysed by ThFFF 
with a temperature gradient of ΔT = 30 degrees and it was clearly demonstrated that 
ThFFF can indeed separate micelles according to corona composition. The 
separation was also subsequently proven by 1H NMR. 
After successfully demonstrating that ThFFF can separate micelles based on corona 
composition, the characterisation of mixed micelle formation in terms of size, 
molecular weight, chemical composition and their respective distributions was 
addressed. Consequently, a 1:1 blend of the 1,4 and 1,2 PB-PS micelles was 
prepared and analysed at various time intervals over a period of a week. The various 
fractograms showed a decrease in the 1,4 PB-PS micelles content with an increase 
in the mixed micelle content. However, trends in the 1,2 PB-PS micelles content 
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could not be determined as the 1,2 PB-PS and mixed micelles were shown to 
coelute. The various fractograms also showed that after a week virtually all the 1,4 
PB-PS micelles were reassembled into mixed micelles. Moreover, trends in the size 
and molecular weight data agreed with the observed changes in micelle peak 
intensities and also revealed changes in several distributions as a function of time. 
Furthermore, chemical composition information was obtained by a novel approach of 
coupling ThFFF to FTIR via a LC-Transform. This method enabled the determination 
of chemical composition as a function of elution time and it was found that the FTIR 
data correlated well with the changes in size and molecular weight distributions.  
These results demonstrated that ThFFF is an unique characterisation platform which 
is capable of fractionating micelles according to corona composition while 
simultaneously providing comprehensive information on important micelle 
characteristics such as size, molecular weight, chemical composition as well as their 
respective distributions, from a single injection. 
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5 Chapter 5 
Conclusions and Future Work 
In this study it was demonstrated that ThFFF is a suitable technique for the 
microstructure-based separation of polymers and their self-assemblies. 
The results for the current dissertation are summarised as follow: 
In the first part of this study, it was shown that in addition to size and chemical 
composition, ThFFF is capable of separating polymers based on microstructure. This 
was demonstrated by the successful separation of PI and PB based on 
microstructure, the separation PMMA based on tacticity and the separation of BuMA 
based on topology. It was also shown that solvent parameters (such as viscosity and 
polarity) can have a significant influence on retention behaviour and that ThFFF be 
applied to probe relative polymer chain stiffness. 
In the second part, the suitability of ThFFF to characterise micelles with various 
corona compositions was successfully demonstrated. It was shown by the analysis 
of PMMA-PS micelles that ThFFF can yield valuable information on important micelle 
characteristics such as size, shape, aggregation number, diffusion, thermal diffusion 
and Soret coefficients as a function of temperature, from a single injection. 
Additionally, ThFFF revealed information regarding size distributions and 
morphology changes as a function of temperature which is not possible by other 
analysis techniques. Furthermore, the potential of ThFFF to separate micelles based 
on corona composition was also shown. 
In the next step the potential of ThFFF to separate micelles based on corona 
composition was realised by the successful separation of PB-PS micelles according 
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to corona microstructure. It was demonstrated that not only can ThFFF be applied to 
characterise mixed micelle formation in terms of size, molecular weight and their 
distributions, but a novel approach of coupling ThFFF to FTIR (via a LC-Transform 
interface) enables the determination of composition distributions as well. 
Consequently, ThFFF is currently the only characterisation platform capable of 
separating micelles according to corona composition while simultaneously providing 
comprehensive information on important micelle characteristics and their respective 
distributions. 
The overall results demonstrate that ThFFF is a powerful analytical tool which is 
capable of not only separating polymers according to microstructure but also capable 
of separating micelles according to corona composition while simultaneously 
determining important micelle characteristics. 
Suggested future work includes further investigation into determining the sensitivity 
of ThFFF towards chemical composition as preliminary results show that DT is 
influenced by the isotope content of deuterated polystyrene homopolymers. 
Furthermore, the capabilities of ThFFF could be applied to the characterisation of 
triblock copolymers, cyclic polymers and star polymers (with arms of various 
compositions) in solution. 
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